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Abstract 
In this study, the organic fraction of municipal solid waste (Org-MSW) was blended 
with high-volatile coal (HVC) in proportions of 25/75%, 50/50%, 75/25% by weight. 
Pyrolysis of these mixtures was then investigated in a thermogravimetric analyzer 
(TGA) and a horizontal tube furnace under a nitrogen environment. The mass loss 
rate of samples, differential thermogravimetry (DTG) curves and kinetic analysis of 
the samples were compared for both blended and non-blended samples. Higher 
gas yields were seen with increasing pyrolysis temperature for both samples. In 
addition, the kinetic analysis indicated that the apparent activation energy values of 
org-MSW samples varied from 535 to 5284 kJ/kmol (over the temperature range of 
100 to 887°C), while the values for HVC were 247 to 962 kJ/kmol. The activation 
energy for HVC varied with temperature and the highest value of 2036 kJ/kmol was 
found in the temperature range of 336-490°C. Comparable results were obtained 
between the TGA and fixed bed tests on the residual char fraction. The findings of 
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this work will be very important in developing a co-firing technology for solid waste 
residuals and coal for energy production. 
Keywords: Pyrolysis, organic waste, high volatile coal, char characterization  
Abbreviation 
DTG differential thermogravimetry  
GCV gross calorific value 
HDPE high-density polyethylene 
HVC high-volatile coal 
ID internal diameter 
LDPE low-density polyethylene 
LVC low-volatile coal 
MSW municipal solid waste 
Org-MSW organic fraction of municipal solid waste 
PET polyethylene terephthalate 
PP polypropylene  
TGA thermogravimetric analysis 
WtE waste to energy 
XRD X-ray diffraction 
Nomenclature 
a conversion rate 
A pre-exponential factor (1/s) 
Ea activation energy (kJ/kmol) 
f(a) kinetic model reaction 
H heating rate (°C/min) 
M weight of sample (mg) 
mf final weight of sample (mg) 
mo initial weight of sample (mg) 
mt  weight at time t (mg) 
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R gas constant (8.314 J/mol/K) 
T temperature (K) 
T time (min) 
Tf final temperature (K) 
Ti Initial temperature (K) 





According to the World Bank, MSW generation including organic waste is expected 
to increase to 2.2 Gt (1.42 kg per person per day) by 2025 [1-2]. In 2012, 1.3 Gt of 
municipal solid waste (MSW) was generated worldwide (1.2 kg per person per day), 
mainly in urban areas [1]. In addition, it has been noted that low-income countries 
have the highest fraction of organic waste of around 62% in the total waste stream 
[1]. Growth of income in developing countries inevitably leads to an increase of 
MSW generation per capita and waste generation is expected to outpace the 
population growth by more than double by 2050 [3]. The European strategy on solid 
waste management imposes the following waste minimization hierarchy: 
prevention, reuse, recycling, other recovery methods such as energy recovery and 
disposal [4]. Thus, energy recovery is an attractive option to be used for those 
waste streams where materials recovery is not effectively used [5]. However, more 
efficient and sustainable waste-to-energy (WtE) technologies are more suited to 
megacities where large amounts of MSW are available [6]. Considering that the 
average heating value of MSW is around 10 MJ/kg [7], the application of waste to 
energy is broader than incineration, and can be associated with electricity and 
district heating production [8-9].  
The pyrolysis process is an alternative thermochemical method to convert various 
solid waste materials into value-added solid fuel products [10]. Along with syngas 
produced as by-product, the pyrolysis of such wastes allows one to produce 
different types of chemical products or fuels [11]. In addition, the energy obtained 
from the pyrolysis processes is associated with reduced carbon dioxide, nitrogen 
oxides and sulfur dioxide emissions, in contrast to emissions produced by WtE 
plants [12-13]. These lower emissions are mainly achieved due to the inert 
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environment [12]. In addition, high-quality solid fuel products can be obtained from 
the pyrolysis processes [14].  
Thermogravimetric analysis and fixed bed pyrolysis tests are reliable methods of 
obtaining preliminary results of fuel properties and knowledge on conversion 
temperatures during thermal treatment. To date, the kinetics of the pyrolysis of 
mixed solid waste [15], plastics [16], tires, biomass, refuse-derived fuels (RDF) and 
various coals have been studied by means of thermogravimetric analysis (TGA) 
[17]. Co-pyrolysis (pyrolysis of mixed wastes and coal) of biomass/coal blends [18-
19], coal/plastic mixtures [20-21] and biomass/MSW [22] have also been 
investigated in TGA and fixed bed reactors. Table 1 provides a list of studies that 
investigated co-pyrolysis of coal and various waste materials such as paper, plastic, 
biomass and others. Overall, it appears that co-pyrolysis is an optimal method for 
valorization of various wastes to syngas, chemicals production, and residual solid 
fuel production. In addition, chars produced from pyrolysis of polyethylene (PET) 
resulted in improved coke properties [23].  
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5 900 The obtained tars 
contained mostly 
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30-50 1000 Pyrolysis characteristics 
showed better values 
when coal proportions 
were less than half.  
[27] 
TGA Rubber tires, 
plastic waste 
30 900 Kinetic model was 
developed. The rate 
constant of some 
reactions showed non-
linear temperature 
dependence on the 
logarithmic form of 
Arrhenius law  
[28] 




20 900 Coal is decomposed at 
lower temperatures, 
temperature range of 
organic matter de-
volatilization region is 
found to be broader 
[21] 
Even though org-MSW is primarily sourced from biomass with high volatile content, 
there are only limited studies on its co-pyrolysis blended with high-volatile coal 
[21][23-28]. This study investigates the thermal properties of blended and non-
blended org-MSW and HVC samples by pyrolysis in the TGA and horizontal fixed 
bed tube furnace. Preliminary tests of org-MSW and high-volatile coal blend 
pyrolysis have been conducted in a fixed bed reactor by Tokmurzin et al. [29]. In an 
extension of this study, representative low and high temperatures of 500°C and 
800°C were selected for fixed bed pyrolysis tests to compare thermal 
decomposition behavior of samples. Additionally, the mass balance of org-MSW 
and HVC pyrolysis products was provided from fixed bed pyrolysis tests. Further, 
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characterizations of org-MSW and HVC char were conducted to provide thermal 
properties and elemental analysis, and solid char atomic structure was explored 
with X-ray diffraction (XRD) to investigate the crystalline structures of the samples. 
Based on the obtained data, pyrolysis of residual org-MSW and HVC, and their 
blends were discussed. 
2. Materials and methods  
2.1. Sample preparation  
The organic fraction of MSW (org-MSW) was collected from the sampling campaign 
of the municipal solid waste produced in Astana city. A more detailed description of 
the MSW sampling procedure can be found elsewhere [29]. In this study, org-MSW 
samples consist of multiple components such as food waste, fruit waste and fine 
waste fractions. High-volatile coal (HVC) samples were obtained from the 
Shubarkol coal deposit in the northern region of Kazakhstan. The received org-
MSW samples were shredded first with a garden shredder to a size reduction of 10-
15 mm, followed by shredding in a rotary cutting mill to achieve a final sample size 
of around 1 mm. Org-MSW and HVC samples were well mixed and quartered for 
further analysis. Samples were sieved and dried at 105°C for 24 h in a dryer. 
2.2. Properties of org-MSW and HVC samples 
Table 2 presents the proximate and ultimate analyses of tested Org-MSW and HVC 
feedstocks. The initially received org-MSW and HVC samples were prepared and 
subjected to a proximate analysis in accordance with ASTM D3172 – 13 (Standard 
Practice for Proximate Analysis of Coal and Coke) and ASTM E870-82 (2019) 
Standard Test Methods for Analysis of Wood Fuels which were performed in a 
muffle furnace, (Carbolite Gero ELF), while ultimate analyses were obtained from 
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an elemental analyzer (vario MICRO cube Elementar, Germany) in accordance with 
ASTM D5373 – 16 Standard Test Methods for Determination of Carbon, Hydrogen 
and Nitrogen in Analysis Samples of Coal and Carbon in Analysis Samples of Coal 
and Coke [30-31-32-33-34-35]. The calorific values were measured by a bomb 
calorimeter (B-08MA Etalon, Kazakhstan) using a sample weight between 0.5-1 g in 
oxygen gas at a pressure of 30 bar (see Table 2). 














Proximate, (wt% as received) 
Moisture 3.40 5.96 5.33 4.53 3.91 
Volatile matter 59.35 40.30 45.09 49.95 54.70 
Fixed carbon* 23.35 51.30 44.27 37.39 30.46 
Ash 13.90 2.44 5.31 8.14 10.94 
Ultimate (wt.%, dry ash free) 
Carbon 46.16 69.72 63.83 57.9 52.05 
Hydrogen 6.23 6.05 6.1 6.1 6.19 
Nitrogen 4.18 1.71 2.33 2.95 3.56 
Sulfur 0.26 1.05 0.85 0.66 0.46 
Oxygen* 43.17 21.47 26.9 32.32 37.75 
GCV, MJ/kg 17.77 26.97 24.67 22.37 20.07 
*O by difference; 
2.3. Experimental setup 
A horizontal tube furnace was used for pyrolysis and co-pyrolysis tests of org-MSW 
and HVC samples. The tube furnace is shown in Fig. 1. The furnace consists of a 
gas cylinder, gas flow meter, tubular furnace, quartz tube, gas analyzer and 
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impingers for tar collection. The exit area of the quartz tube was heated with a tape 
heater and kept at a temperature of 350°C to avoid tar condensation in the quartz 
tube. The exit gas passed through a series of impingers filled with an isopropanol 
solution (99.7%). Prior to the experiments, the temperature profile along the length 
of the quartz tube was measured by K-type thermocouples. The flow rate of 0.186 
m3/h (at STP conditions) was set as an optimal flow rate to maintain the residence 
time of gas at around 3-5 s over the heated zone of the quartz tube furnace. In 
addition, the temperature was measured in the middle of the quartz tube and this 
was taken as the mean temperature.  
For a typical test, a dry solid sample was introduced into the ceramic tube (internal 
diameter (ID) of 25 mm and a length of 20 mm) and placed in the center of the 
quartz tube. Sample weights were about 20 g (±0.1). The open space between the 
ceramic and quartz tube was then filled with quartz wool to ensure the flow of gas 
passes through the solid fuel sample. The ID of quartz tube was 54 mm, with a 
length of 1000 mm. Nitrogen (99.7%) was used as the inlet gas with a flow rate of 
0.186 m3/h (at STP conditions). The heating rate of the furnace was set to 
20°C/min. A calibrated flowmeter (Dywer) was used to control the volumetric rate of 
the gas. The initial and remaining masses of solids were determined by a high-
accuracy weighing scale. The tube furnace was held at the selected temperature for 
30 min to ensure complete pyrolysis of samples. The complete pyrolysis process 
was monitored by gas analyzer (Rapidox 5100B, Cambridge Sensotec, UK). The 




Fig. 1. Experimental sketch of the fixed bed reactor 
2.4. Experimental procedure 
Fig. 2 shows the experimental procedure performed for pyrolysis of org-MSW and 
HVC samples, and these are described in greater detail below. Initially, prepared 
samples of Org-MSW and HVC as described in section 2.1 were pyrolyzed under 
an inert environment in the horizontal tube furnace as discussed in section 2.3. 
Experimental conditions for the fixed bed pyrolysis tests are shown in Table 3. 
Pyrolysis of samples was performed at atmospheric pressure. In addition, tests 




Fig. 2. Schematic procedure of org-MSW and HVC pyrolysis 
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Table 3. Experimental conditions for pyrolysis tests 
Test parameters Lower value Higher value 
Operating temperature, °C 500 800 
Gas environment Nitrogen Nitrogen 
Flow rate, m3/h 0.252 0.186 
Total pyrolysis time, min 30 30 
Heating rate, °C/min 20 20 
In addition, the same samples were also tested in a TGA (TGA-STA 6000, Perkin 
Elmer). TGA tests were done in a N2 environment to provide the weight loss curves 
and kinetic data for the initial solid samples. Small quantities of samples (20-30 mg) 
were heated at the rate of 20°C/min to 900°C with a 20-min hold time at the end. 
The inert gas was supplied at a flow rate of 0.0012 m3/h with purity of 99.95%. 
Further, the residual char material was characterized by property analysis and X-ray 
diffraction (XRD model SmartLab, Rigaku, Japan). Proximate and ultimate analyses 
of char samples were performed according to ASTM D3172 – 13 [30] (see Table 3). 
3. Results and discussion 
3.1. Mass balance of pyrolysis products 
The important parameters affecting MSW pyrolysis include temperature, heating 
rate, residence time of the gas over the heated zone and particle size of residual 
materials [12]. According to Chen et al. [12], the yield of the pyrolysis products char, 
liquid and gas is strongly governed by the pyrolysis temperature and residence time 
of the process. The typical gaseous products during pyrolysis consist of CO2, CO, 
CH4, H2, C2H6 and C3H8 [12]. Table 4 presents the product mass balances for 
pyrolysis conducted at 500°C and 800°C with experimental conditions noted in 
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section 2.3. The solid char fraction of an org-MSW was 42% at the lower pyrolysis 
temperature, decreasing to 39% at 800°C. Similarly, the char fraction of HVC 
decreased from 73% at the lower temperature to 60.8% at the higher temperature. 
For tar products, an increase of the temperature in the reactor did not noticeably 
affect tar production for org-MSW and maintained levels of around 22-24%. The 
pyrolysis of an organic MSW, cellulose, had the highest yield of tar at 450-500°C, 
but slowly decreased at higher temperatures due to thermal cracking to non-
condensable gases [36]. Similar results were also found during bench-scale 
pyrolysis of agricultural wastes, such as wheat straw, olive husks, grape residues, 
and rice husks, with maximum tar yield in the range from 500°C to 600°C [37]. 
Interestingly, agricultural wastes such as sugarcane bagasse and eucalyptus also 
gave similar devolatilization behavior, probably due to their lignocellulosic nature 
[38-39]. The increase of the temperature from 500°C to 800°C almost doubled the 
weight of tar produced for HVC samples. As expected, higher gas yields were 
observed at higher pyrolysis temperatures for both org-MSW and HVC samples. 
This could be explained by the stronger thermal cracking of samples and, thus, 
higher release of volatiles with temperature. 
Table 4. Mass balance of products during pyrolysis of org-MSW and HVC  
Sample Temp, 
°C 
Char, % Tar, % Gas yield*, 
% Heavy tar Light tar Total tar 
Org-
MSW 
500 42.1 18.5 6.3 24.8 33.1 
800 39.2 15.5 6.8 22.3 38.5 
HVC 
500 73.2 6.5 6.3 12.8 14.0 




3.2. Thermogravimetric analysis of samples 
The weight loss curves of HVC, org-MSW, and their blends during the TGA tests 
under a N2 environment are shown in Fig. 3. Table 2 shows the proximate analysis 
of samples and indicates that the HVC sample had nearly 40.3% of volatiles, 
compared with 59.4% for an org-MSW. As seen in Fig. 3, the weight loss of HVC 
sample becomes almost 40% of its initial weight at 900°C, while the weight loss of 
an org-MSW is 80%. The remaining char content of HVC was consistent with 
weight loss curves produced under a N2 environment, while a slightly greater weight 
loss curve was observed for org-MSW. This difference could be due to the further 
decomposition of char samples in the TGA. As anticipted, weight loss curves of org-
MSW and HVC blends (25%/75%; 50%/50%, 75%/25%) agreed with the expected 
values for blends based on the org-MSW and HVC weight loss curves. Thus, an 
increase of org-MSW ratio in blended proportions with HVC increases overall 
conversion during the pyrolysis. Fig. 4 gives the DTG curves of the same samples. 
Three clear peaks can be seen from Fig. 4 for org-MSW, HVC and blended tests. 
DTG curves of samples showed the first peaks at 80-100°C, associated with the 
release of moisture content. The second and main peaks occur over the 
temperature range of 290-330°C for org-MSW and blended samples. Interestingly, 
the main decomposition temperatures were similar to those from a TGA study by 
Fang et al. [27] and Zhou et al. [40]. 
After reaching their maximum peaks, the DTG curves of org-MSW and blended 
samples decreased drastically when the temperature reached 400°C. Similar 
behavior was observed by Ferrara et al. [41] for a TGA study using blended wood 
14 
 
chips and South African coal. By contrast, HVC starts to react above 400°C and 
achieves its maximum peak in the range of 460-470°C. This curve was similar to 
South African coal as noted by Ferrara et al. [41]. DTG curves of blended org-MSW 
and HVC demonstrated onset temperatures for pyrolysis similar to pure org-MSW 
samples. At 300°C, the mass loss rates of blended samples were lowered 
according to the fraction of org-MSW. The third DTG peaks of the blended samples 
occurred in the temperature range of 460-470°C. Cai et al. [21] has investigated the 
pyrolysis of plastic wastes such as low-density polyethylene (LDPE), high-density 
polyethylene (HDPE), polypropylene (PP) and co-pyrolysis with a low-volatile coal 
(LVC) and observed the same sharp and narrow temperature ranges for the onset 
and end of pyrolysis. This can be explained by the presence of very similar 
molecular structures and bonds, which tend to break at a given temperature ranges. 
Coal, by contrast, demonstrated a wider pyrolysis range due to the heterogeneous 
nature of its structure [42]. Table 5 shows the pyrolysis characteristics of samples 





Fig. 3. Weight loss curves of HVC, org-MSW, and their blends during pyrolysis 
 












































Table 5. Pyrolysis characteristics of samples and weight loss rates at heating rate 
of 20 °C/min 
Samples 
Temperature 
range for max 








TI TF TP (%) 
HVC 360 880 4.2 459 59.0 
Org-MSW 190 530 8.39 306 28.3 
25%Org-
MSW/75%HVC 
170 870 2.57 461 47.6 
50%Org-
MSW/50%HVC 
170 870 4.21 320 40.2 
75%Org-
MSW/25%HVC 
170 870 6.87 316 35.6 
HDPE [12-13] 477 521 56.0 505 15 
LDPE [12-13] 438 509 43.9 493 8 
PP [12-13] 447 503 46.0 491 5 
LVC [12-13] 174 710 0.7 466 81 
TI-initial temperature; TF- final temperature; Tp-peak temperature 
In addition, the comparison of residual char was made between fixed bed and TGA 
tests for org-MSW and HVC samples. As can be seen from Table 4, the fixed bed 
pyrolysis tests at 800°C have an average char fractions of 39.2% for org-MSW and 
61.8% for HVC. However, in TGA these values of char weights were 28.27% for 
org-MSW and 60.8% for HVC at 800°C. As can be seen, the weight of HVC 
samples has not changed significantly with increase of temperature. However, a 
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notable difference on char weight derived from org-MSW samples was observed. 
Due to the further increase of temperature in TGA from 800 to 900°C, the observed 
difference of residual char weights was 11%. This could be explained by further 
volatilization of org-MSW samples. Another possible factor could be the 
heterogeneity of samples. As highlighted above, the weight of samples used for 
fixed bed was around 20g and 0.02-0.03 g for TGA tests. 
3.3. Kinetics of the org-MSW and HVC samples 
The kinetic parameters, activation energy and pre-exponential factor, of HVC and 
org-MSW were determined by the integral method analysis assuming that solid fuel 
pyrolysis first-order [43-44]. The rate of solid phase reactions for heterogeneous 
org-MSW and HVC fuels can be expressed as equation (1) [42]: 
 𝑑𝛼𝑑𝑡 = 𝑘(𝑡)𝑓(𝛼) = 𝐴𝑒𝑥𝑝(− 𝐸𝑅𝑇)(1 − 𝑎) (1) 
where da/dt is the rate of conversion, k is the rate constant, f(a) is for reaction 
model, A is the pre-exponential Arrhenius factor (s-1), E is the apparent activation 
energy (kJ/mol), R is the universal gas constant, and T is reaction temperature (K). 
The conversion rate (a) was defined from the following equation (2): 
 𝛼 = 𝑚𝑜 −𝑚𝑡𝑚𝑜 −𝑚𝑓 (2) 
where mo is the initial weight of the sample (mg), mt is the weight at time t, and mf is 
final weight of the sample at the end of pyrolysis. For a constant heating rate, H, 
during pyrolysis, H=dT/dt; rearranging equation (1) and integrating gives [21],[44]: 
 𝑙𝑛 [− 𝑙𝑛(1 − 𝛼)𝑇2 ] = 𝑙𝑛 [𝐴𝑅𝐻𝐸 (1 − 2𝑅𝑇𝐸 )] − 𝐸𝑅𝑇 (3) 
It should be noted that for most values of E and for the temperature range of the 
pyrolysis, the expression ln[AR/HE(1-2RT/E)]-E/RT on the right side of equation (3) 
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is constant. Thus, if the left side of Eq. (3) is plotted versus 1/T, a straight line is 
obtained for a first-order reaction [44]. An activation energy E was determined from −E/R slope, while pre-exponential factor was determined graphically.  
Fig. 5 shows the plots of ln[-ln(1-a)/T2] versus 1/T for blended and non-blended 
samples. It can be clearly seen that the curves for HVC, org-MSW were not linear 
and indicated several stages at given temperatures. Here, following Cai et al. [21] 
and Melendi-Espina et al. [44], the pyrolysis of plastics was assumed to be a linear 
first-order process. Individual curves for ln[-ln(1-a)/T2] versus 1/T for org-MSW, 
HVC and their 50%/50% blends can be found in Fig. 6 (a-b-c). It can be seen that 
the ln[-ln(1-a)/T2] curves as a function of 1/T for each sample can be divided into 
several stages with 3-4 consecutive first-order reactions. In this regard, the HVC 
samples were divided into 3 stages, while org-MSW and blended samples were 
split into 4 stages. The conversion rate was recalculated for each stage separately. 
Fig. S.1 (a, b and c) (in Supplementary Materials) demonstrated linear pyrolysis 
stages. Activation energies for each stage were calculated from the slope of each 
plot along with the pre-exponential factor. Table 6 provides a summary of the 
activation energies, E, and pre-exponential factors, A, for each stage of HVC, org-
MSW and their 50%/50% blends. 









A (min-1) -R2 
HVC 
100-336 97.4-94.3 246.7 0.3x10-3 0.76 
336-490 94.3-78.1 2035.8 4.7x10-20 0.99 




100-203 98.4-94.6 535.2 0.1 0.96 
203-369 94.6-52.1 1116.8 18.8 0.99 
369-778 52.1-28.9 635.9 0.6x10-3 0.88 







100-192 97.7-95.4 515.8 0.1 0.93 
192-319 95.4-80.3 1240.6 303.6 0.99 
319-781 80.3-41.1 581.9 4.1x10-4 0.95 
781-890 41.1-36.1 5106.3 17.2x109 0.97 




Fig. 5. Plots of ln[-ln(1-a)/T2] vs 1/T for HVC, org-MSW and for blended tests 
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Fig. 6. (b) Plots of ln[-ln(1-a)/T2] vs 1/𝑇 for org-MSW 
 
 
Fig. 6. (c) Plots of ln[-ln(1-a)/T2] vs 1/T for 50%/50% blends 
In the first stage for HVC samples, a slow conversion occurs between 100°C and 















































further increase of conversion rate at a temperature above 336°C and this region 
can be divided into two regions. First, a region between 336°C to 490°C and then a 
second one occurring in the temperature range of 490-885°C. At these stages, the 
highest conversions occurred, with activation energy of 2036 kJ/mol and 962.3 
kJ/mol, respectively. Similarly for org-MSW samples, the initial low conversion 
pyrolysis started between 100°C to 203°C, where only 3.82% of the initial weight 
was converted. The conversion rate intensified above 203°C and then reduced at 
around 778°C, with this region also divided into two stages: the first between 203°C 
to 369°C; and the second in the range between 369°C to 778°C, with activation 
energies of 1116.8 kJ/mol and 635.93 kJ/mol, respectively. Above 778°C, the 
conversion rate reduced drastically, while its activation energy reached 5284 
kJ/mol. Pyrolysis of 50% org-MSW and 50% HVC blend was divided into four 
stages. First a low conversion rate was observed at temperatures between 100°C 
and 192°C with an activation energy of 516 kJ/mol. In the temperature ranges of 
192°C to 319°C and 319°C to 781°C, the activation energies were 1241 and 582 
kJ/mol, respectively. It is evident that HVC and org-MSW blending reduces the 
activation energies in comparison to non-blended HVC samples and the reduced 
activation energies were below the expected average based on the original 
components of the blends.  
3.4. Properties of org-MSW and HVC char samples 
Thermal property measurements of org-MSW and HVC solid char samples 
produced at 800°C were conducted according to ASTM D3172 – 13 (see Table 7). 
It can be seen from Table 2 and Table 4 that org-MSW loses a substantial part of its 
initial weight due to the release of volatiles during pyrolysis. As a result, the calorific 
value of the char produced from org-MSW decreased from 17.8 to 13.6 MJ/kg after 
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pyrolysis. However, calorific values of the HVC samples increased from 26.97 
MJ/kg to 31.84 MJ/kg (see Table 7). It should also be noted that the fixed carbon of 
org-MSW has improved notably from 23.4 to 34.4% between non-pyrolyzed and 
pyrolyzed samples, respectively. However, for HVC samples, this value has 
changed from 51.3% to 83.1%. As a result, it could be concluded that co-pyrolysis 
of highly volatile org-MSW supported with HVC feedstock can produce a 
reasonable quality char product with low volatile matter. Some changes were also 
noted on elemental composition. Hydrogen content of org-MSW has decreased 
from 6.1% to 1.6%, while a similar trend was noted in the HVC samples. In addition, 
the pyrolysis process has also decreased the carbon content from 46% to 42%, 
while for HVC the carbon content increased notably from 69.7% to 97%. 










Moisture 0.5 1.4 Carbon 41.9 96.6 
Volatile matter 13.3 11.6 Hydrogen 1.6 1.2 
Fixed carbon 34.4 83.1 Nitrogen 3.6 2.6 
Ash 51.8 3.9 Sulfur 0.4 0.3 
GCV, MJ/kg 13.6 31.8 Oxygen* 52.6 0 
*By difference 
3.5. X-ray diffraction analysis of char  
Fig. 7 presents the XRD results for org-MSW and HCV samples before the pyrolysis 
process. It was observed that due to presence of large amounts of amorphous 
carbon, XRD peaks could not be distinguished for the org-MSW sample. However, 
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the HVC sample shows peaks which are probably associated with crystalline 
carbon contents. 
 
Fig. 7. X-ray diffraction curves for HVC and org-MSW samples before pyrolysis 
Fig. 8 (a) gives the XRD curves for HVC, org-MSW and their 50/50 blend from the 
pyrolysis conducted at 800°C. The XRD patterns of char produced from an org-
MSW were comparable with those obtained by Septien et al. [45]. No evidence of 
crystalline carbon can be found from Fig. 8 (a), suggesting that the char carbon is 
primarily amorphous. It can also be noted that the blended char samples have more 
calcite than pure org-MSW or HVC samples. The reason might be the interaction of 
non-crystalline inorganic species and formation of calcium-based crystals during the 
pyrolysis of the mixture [46]. Previously, Septien et al. [45] analyzed by XRD char 
samples of wood particles with 1 mm size that were pyrolyzed at 1000°C and 
showed that there were no crystalline structures present in the samples. However, 
analysis of char samples treated at 1400°C showed XRD patterns associated with 
























MgO and manganese silicate, MnSiO3 [46]. In addition, Lu et al. [47] showed the 
XRD patterns of graphite and hexagonal ring structures for coal chars produced at a 
pyrolysis temperature of 1200°C. Similar XRD patterns were determined for the 
HVC char samples tested in this work. 
 
Fig. 8. (a) X-ray diffraction curves for char samples after pyrolysis at 800°C 
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Fig. 8 (b) shows the XRD patterns for char samples, after low temperature pyrolysis 
at 500°C, for HVC, org-MSW and their 50/50 blend. Only a few peaks were noted 
which might be due to the presence of calcite, graphite and quartz in the char 
samples produced at 500°C. 
4. Conclusions 
Due to the growing demand for energy, the production of char feedstocks from 
various waste sources can play a key role towards green energy and circular 
economy initiatives. In this regard, co-pyrolysis of solid waste fuels such as org-
MSW blended with coals can be a reasonable solution to produce valuable biochar 
feedstocks and other by-products such as syngas and liquids for further processes 
to support the circular bio-economy initiatives. The results of this work are 
applicable to most developing countries with high organic waste in the MSW 
stream, although it is evident that high volatile coal and org-MSW blend pyrolysis is 
complex due to the heterogeneity of feedstocks. It was observed that an increase in 
pyrolysis temperature increased the gas yield and decreased the char content for 
both org-MSW and HVC samples. In addition, it was noted that low-temperature 
pyrolysis was favored for org-MSW rather than HVC samples. As a result, less 
volatile matter was released from the char, thus ensuring higher calorific values.  
The fixed bed pyrolysis tests at 800°C have resulted in char fractions of 39.2% for 
org-MSW and 61.8% for HVC (see Table 4). In TGA tests, the residual char weights 
of similar samples were 28.27% for org-MSW and 60.8% for HVC at 800°C. Further 
release of volatiles was not observed for HVC samples when increasing the 
temperature to 900°C. Conversely, a notable change on weight loss was seen with 
org-MSW samples, when the pyrolysis temperature was increased from 800°C to 
900°C in TGA. This probably occurred due to further volatilization of the org-MSW 
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fraction. In addition, the carbon content of org-MSW char samples has improved 
from 46% to 49% after pyrolysis.  
The temperatures for the most rapid org-MSW and HVC decomposition were found 
at 306 and 459°C, respectively. It was also observed that major decomposition of 
org-MSW samples takes place over two temperature windows, the first being from 
203°C to 369°C with activation energy of 1117 kJ/mol, and the second occurring 
between 369°C to 778°C with the highest activation energy of 5284 kJ/mol. In the 
blended tests of org-MSW and HVC with weight ratio of 50/50%, the highest 
decomposition occurred in the temperature range of 781-890°C with activation 
energy of 5106 kJ/mol.  
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